This study aimed to evaluate the capability of lactic acid bacteria (LAB) isolated from different kinds of fermented fish products (Plaa-som) on the production of γ-aminobutyric acid (GABA). Among them, isolate L10-11, identified as Lactobacillus plantarum, offered the highest GABA production and was selected for further study. The highest production of GABA was obtained within 48h from the de Man, Rogosa and Sharpe (MRS) medium, having a pH range of 5-6. Oncreasing the monosodium glutamate (MSG) concentration resulted in a higher accumulation of GABA and reached the highest concentration (15.74 g/L) using 4% (w/v) MSG, while high residual MSG was also observed in accordance with concentration increase. Dn the other hand, the addition of NaCl in the culture medium by up to 7% (w/v) did not suppress GABA production. Preliminary application of strain L10-11 as starter producing GABA was investigated in Thai fermented vegetables (Som-pak). Ot was found that GABA formation could be observed increasingly following the concentration of MSG added. GABA content in Som-pak was 5 times higher than that of control when inoculating Lb. plantarum L10-11 and adding MSG at 1% (w/v). On addition, sensory evaluation revealed that addition of this starter culture to Som-pak gave overall acceptability slightly higher than that which allowed fermentation to occur spontaneously. This alternative procedure would be successful for improving the nutritional quality of functional fermented food.
Introduction
Gamma-aminobutyric acid (GABA) is a non-protein amino acid produced through the decarboxylation of glutamate by glutamate decarboxylase and wildly distributes among animals, plants and microorganisms (Ueno, 2000) . GABA possesses well-known beneficial bioactivities such as neurotransmission, the induction of hypertension and a tranquilising effect (Pearl et al., 2006) . On addition, it can stimulate immune cells (Dh et al., 2003) and is involved in the treatment of sleeplessness, depression and autonomic disorders (Dkada et al., 2000) as well as the improved prevention of diabetes (Hagiwara et al., 2004) . This results in increasing commercial demand and extensive study to synthesis GABA in large amounts (Choi et al., 2006; Plokhov et al., 2000) . However, the direct addition of GABA to food is considered unsafe and unnatural, while the utilisation of GABA-rich foods produced by natural techniques is more favourable (Dhakal et al., 2012) . Many microorganisms are able to produce GABA, including bacteria, fungi and yeast. Among them, lactic acid bacteria (LAB) have been given more attention in research because of their utilisation in the food industry and the fact they are generally regarded as safe (GRAS) and known as probiotic. The production of GABA by LAB in fermented products can provide alternative, naturally fermented health products.
Currently, LAB has been screened and characterised from various sources having different GABA-producing ability varied among different species and strains, such as Lactobacillus buchneri isolated from kimchi (Cho et al., 2007) , Lactobacillus paracasei from fermented fish (Komatsuzaki et al., 2005) , Lb. plantarum from cheese (Siragusa et al., 2007) , Lactococcus lactis isolated from Kimchi and Youghurt (Lu et al., 2008) , and Lb. futsaii from Thai fermented shrimp (Kung-Som) (Sanchart et al., 2017) .
On several fermented products, GABA is generated by LAB during the fermentation of different kinds of food such as kimchi (Cho et al., 2007) , black raspberry juice (Kim et al., 2009) , black soybean milk (Ko et al., 2013) , and Nham (Thai fermented pork sausage) (Ratanaburee et al., 2013) . Yields of GABA are affected by several factors, including initial pH, concentration of glutamic, temperature, and incubation time . Extensive studies have been conducted on optimisation in order to increase the efficiency of the GABA production process (Lu et al., 2008; Shan et al., 2015) .
Many GABA-producing LAB strains have been isolated and identified. However, further isolation and characterisation research is required because screening various types of GABA-producing LAB is important for the food industry (Komatsuzaki et al., 2005) . On further screening, isolation sources should be expanded to include as many fermented foods as possible to obtain GABA-producing LAB strains that may have specific fermentation profiles. This will lead to a wider application field and higher flexibility of starter cultures in addition to achieving a safe and consistent quality product. On this study, the researchers attempted to screen LAB-producing GABA from several kinds of fermented fish (Plaa-som) produced in Nong Khai province, Thailand. The selected isolate was then identified and characterised for capability in GABA production. Moreover, preliminary investigation for use as a pure starter culture in novel Thai fermented vegetable products (Som-pak) was also carried out.
Materials and methods

Selection of GABA-producing LAB
A total of 44 LAB strains were used in this study, which were isolated from various Thai fermented fish (Plaa-som) in the fresh market at Nong Khai province, Thailand as reported previously (Hongsachart, 2016) . The stock cultures kept at -80 °C were streaked on MRS agar and incubating at 30 °C for 18 h. Single colony of fresh culture was then inoculated into MRS broth containing 3.0% (w/v) of monosodium glutamate (MSG). All cultures were incubated under static conditions at 30 °C 72 h and the culture supernatant was then collected by centrifugation at 2,400 x g for 10 min. Subsequently, each sample was examined for the presence of GABA using thin layer chromatography (TLC) and spectrophotometric methods, as described below. For cell growth, Lb. plantarum L10-11 was cultivated in MRS containing 1% (v/v) inoculum at 30 °C. Growth of the isolate was determined by measuring culture turbidity at 600 nm, while culture pH was also measured at this time (the same time intervals). Viable cells were measured by plate count using MRS agar medium.
Effect of culture medium on GABA production
To determine the effect of culture medium condition on GABA production, the researchers selected three parameters including the concentration of MSG, NaCl, and initial pH. MSG concentration at 0.5-5% (w/v) was included in the MRS medium. To test the effect of NaCl, NaCl was added at 1-7% (w/v) to MRS broth containing 3% MSG. On order to study the effect of initial pH on the GABA production, MRS medium containing 3% MSG at the initial pH values of 4.0, 5.0, 6.0, 7.0, and 8.0 were used for cultivation of Lb. plantarum L10-11.
The pre-culture was prepared in MRS medium at 30 °C for 24h and transferred to the tested medium described above at a concentration of 1% (v/v) for 72h. The culture supernatant was obtained by centrifugation at 2,400 x g for 10 min and kept at -20 °C until used. The independent experiment were conducted in triplicate.
Thin Layer Chromatography (TLC) for identification of GABA
Levels of GABA were determined qualitatively by TLC using the method of Choi et al. (2006) with an aluminium TLC plate (Sigma-Aldrich Co., Germany). Culture supernatant was obtained by centrifugation at 2,400 x g for 10 min. The two microliters of supernatant was then spotted onto TLC plates compared with 1% (w/v) of standard GABA and MSG solution. TLC was conducted using an acetic acidI: n-butanolI: distilled water (4I:1I:1) solvent mixture as the mobile phase. Subsequently, the plates were sprayed with 1.0% (w/v) ninhydrin solution and then heated at 70 °C for 5-10 min until spots appeared.
Quantification of GABA content
GABA content was determined by the method of Watchararparpaiboon et al. (2010) . Briefly, the mixture of solution (0.2 M borate buffer, 0.2 mLI: 6% phenol reagent, 1 mL) was added to the supernatant (0.1 mL). Afterwards, 0.4 mL of 7.5% sodium hypochlorite was added and boiled for 10 min. The sample was immediately cooled for 5 min and the optical density measured at 630 nm. Calibration curve of standard GABA was prepared with the range concentration of 0.5-4 g/L giving coefficient of determination (R 2 ) of 0.99 and used to determine the concentration of GABA in the samples.
LAB identification
The LAB isolates were cultured on MRS medium at 30 °C for 24 h. The cell cultures were then harvested by centrifugation and subsequently subjected to isolation of chromosomal DNA according to previous reports (Soemphol et al., 2008) and used as template for PCR by using iTaq TM (iNtRDN BODTECHNDLDGY Onc., Korea) with a pair of universal primer 27f and 1492r. The PCR products of approximately 1.5 kb were obtained and further purified using Clean Kit (NucleoSpin  Gel and PCR Clean-up, MACHEREY-NAGEL GmbH & Co. KG) before sequence analysis (Cosmogenetech Co, Ltd, Korea). Multiple alignments of the sequences determined were performed with the CLUSTALW program (Thompson et al., 1994) , while the neighbour-joining phylogenetic tree was constructed using Mega 6.0 version with 1000 bootstrap replicates (Tamura et al., 2013) .
Production of high GABA Thai sauerkraut (Som-pak)
Som-pak was prepared following a local recipe. Cabbage and green onion were purchased at a local market in Muang, Nong Khai. After washing and peeling, they were cut into small pieces. Cabbage and green onion with a 1I:1 ratio by weight was mixed with salt and crushed properly until soft, after which it was washed three times with tap water. The sample was stored in plastic baskets for 3 h to drain excess water and then put into a plastic bag. Boiled rice water (100 g rice/100 mL water) after filtration with a cotton cloth was added in a 1I:1 ratio of vegetables with a final salt concentration of 3% (w/w). On order to investigate the effect of inoculum and MSG concentration to GABA production, the inoculum of Lb. plantarum L10-11 was prepared by growing on MRS for 24 h and collected by centrifugation, after which it was washed twice with normal saline. Cell suspension was adjusted to 10 6 CFU/g of raw materials compared to the normal procedure without pure LAB starter. MSG was added into Som-pak at a concentration of 0.1, 0.3, and 1.0% (w/w). Fermentation was carried out in triplicate using closed plastic bags incubated at 30 °C for 5 days. The homogenate samples were collected and used for monitoring of cell viability, while the supernatant obtained by centrifugation was used for determination of pH, acidity and GABA content, as described above.
Determination of antioxidant activity
The supernatant of homogenate Som-pak samples were extracted by distilled water prior to the determination of antioxidant activity. The free radical scavenging activity was measured by the DPPH method modified from Li et al. (2018) . On brief, 3 mL of 3%w/v of DPPH solution was added to 0.1 mL of each sample. The aliquot samples were vigorously mixed and kept at room temperature in dark conditions for 30 min. Absorbance was measured by UV-vis spectrophotometer at a maximum absorbance of 515 nm. The antioxidant activities were exhibited as Vitamin C equivalent antioxidant capacity (VCEAC) in mg/L, while antioxidant activity was calculated via the calibration curve of the standard for vitamin C.
Data analysis
Data of GABA contents, pH, acidity, log CFU/mg and sensorial properties of Som-pak were subjected to analysis of variance (ANDVA). Comparison of the mean values was carried out using Duncan's multiple range test. Moreover, the detailed VCEAC was further analysed by simultaneous Student's t-tests comparing 0 day and 5 days of fermentation time of Som-pak in each concentration of MSG, establishing a 5% level for rejection of the null hypothesis. Data were analyzed with SPSS v. 2009.
Sensory evaluation
The sensorial properties of Som-pak were evaluated for colour, texture, odour, flavour and sourness, and overall acceptance by 30 panellists. A 9-point hedonic scale was used for sensory evaluation (Cho et al., 2011) . The samples with three-digit random members were served on a white paper plate at room temperature. Panellists were instructed to rinse their mouths with water before starting and between sample evaluations (Ratanaburee et al., 2013) .
Results and discussion
Selection and identification of GABA-producing LAB
To screen the potential LAB producing GABA, various LAB previously isolated from Thai fermented fish products (plaa-som) (Hongsachart, 2016) were cultured in MRS containing 3% MSG for 3 days. Among 44 LAB, the isolates L10-11 clearly produced the highest GABA based on the TLC results (data not show), which is consistent with high adsorption at 630 nm after reaction, as described in the Materials and Methods. This isolate was a Gram-positive strain of the rod cell type and formed creamy, opaque, and circular colonies on MRS plates. The 16S rRNA nucleotide sequence of this isolate showed 99% homology with that of Lactobacillus plantarum. Accordingly, the strain was designated as Lb. plantarum L10-11 and used for further study (Figure 1 ). Several researchers have found Lb. plantarum to be a dominant strain during the last stage of fermentation of Thai fermented fish product, also called plaa-som (Paludan-Müller et al., 2002; Kopermsub & Yunchalard, 2010) . Dther LAB were observed in plaa-som samples, including Lactococcus garvieae, Streptococcus bovis, and Weissella cibaria in the early stages of the process and Pediococcus pentosaceus after 48 h into fermentation (Kopermsub & Yunchalard, 2010) . Therefore, this may describe the highest probability found for Lb. plantarum to have great potential for GABA production in this study. However, Kim & Kim (2012) reported one species of Weissella (Ws. viridescens) isolated from kimchi as having the capacity to synthesis GABA under in vitro conditions (Kim & Kim, 2012) .
Effect of culture conditions for GABA products in MRS medium
Several factors that may affect the production of GABA by Lb. plantarum L10-11 were examined in MRS medium under different conditions. As can be seen in Figure 2A , the increasing of MSG resulted in higher GABA accumulation in the culture medium and the maximum GABA content was obtained in MRS medium containing 4% MSG. Similar to the GABA production of Lb. brevis 340G, which was enhanced by increasing the MSG concentration up to 3% while exceeding 3% of MSG, a negative effect on GABA production was observed (Lim et al., 2013) . Consistently, Shan et al. (2015) have reported that GAD activity is enhanced by the addition of L-MSG up to 75 mM. However, the yields of GABA and GAD activity are also declined above this concentration (Shan et al., 2015) . Moreover, they also found that the growth yield of LAB can be inhibited by a high concentration of MSG and consequently lower synthesis of GAD, thus reducing GABA production (Lim et al., 2013; Shan et al., 2015) .
The influence of NaCl was also examined and showed that high GABA production could be maintained even at NaCl concentration up to 7% ( Figure 2B ). At lower levels of NaCl (1-3%), it seemed to be able to enhance GABA production. Activation of glutamate decarboxylase (GAD) responsible for the synthesis of GABA could be observed in the presence of osmotic stress by NaCl or D-sorbitol (Kanwal et al., 2014) . This may also be correlated with the source of isolation since salt content added in Plaa-som regularly ranges from approximately 6-11% (Paludan-Müller et al., 2002) . On addition, this strain was reported to be able to grow and produce lactic acid in MRS medium supplemented with 7% NaCl (Hongsachart, 2016) . Lb. buchneri isolated from Kimchi could grow at salt concentrations up to only 3% (Cho et al., 2011) . A wide range of salt tolerance would be advantageous for varieties of applications in fermented products.
The effect of initial pH on GABA production was determined in the MRS medium pH 4.0-8.0. As shown in Figure 2C , the highest GABA production was obtained from the initial pH of MRS in a pH range of 5.0-6.0. GABA production dramatically decreased at pH values below 4.0 or above pH 8.0 ( Figure 2C) . The optimal pH for GABA production by different LAB strain was previously determined and mostly exhibited their pH at the acidic range of 4-6 (Dhakal et al., 2012) . However, Lb. lactis produced the highest amount of GABA (7.2 g/L) at a pH range from 7.5 to 8.0, while reduced GABA production was apparent at pH above 8.0 (Lu et al., 2008) . The pH in the culture medium usually changes with time during fermentation (see results below). Therefore, initial pH affects the final GABA yield and the pH of the medium, which should be adjusted to maintain the optimum pH (Dhakal et al., 2012) . Figure 3 shows the cell growth achieved and GABA production by Lb. plantarum L10-11 cultured in MRS with 3% MSG (pH 6.0) at 30 °C and 37 °C. Ots growth reached a stationary phase after 36 h of cultivation at both temperatures. The growth yield was not significantly different between the two temperatures level tested during exponential phase of growth. The pH value decreased significantly due to acid formation by this strain at exponential phase (within 24 h of cultivation) and increased gradually once the GABA formation started. This shows a similar trend to that reported by others (Cho et al., 2007; Sanchart et al., 2017) . Ot can be explained that the cytoplasmic decarboxylation results in the consumption of an intracellular proton after the uptake of glutamate by its specific transporter concomitantly exporting GABA from cells by an antiporter. The net result is an increase in the pH of the medium (Small & Waterman, 1998) . GABA formation was drastically increased at the exponential phase, where pH was lowered and suitable for GAD activity. Oncrease in temperature from 30 °C to 37 °C did not affected significantly on the accumulation of GABA in the culture medium when measured at 72h, while the GABA production was decreased significantly at 37 °C after cultivating for 120h ( Figure 3C ). On this study, we did not examine the optimum growth temperature and GABA production clearly, although it would be below 37 °C. Lu et al. (2008) and Komatsuzaki et al. (2005) also demonstrated that the optimum production temperatures of Lc. lactis and Lb. paracasei NFRO 7415 were 34 °C and 37 °C, respectively. This suggested that different LAB have different optimal GABA-producing temperatures. indicated that most optimal temperatures for GAD activities of LAB are within the range of 30-50 °C. Ot is known that higher temperatures cause enzyme inactivation and cell aging. Generally, fermenting temperature ranges from 25-40 °C, resulting in a high GABA yield within the temperatures (Dhakal et al., 2012) .
Growth profile and GABA production at different temperatures
Use of Lb. plantarum L10-11 as starter culture for making Thai sauerkraut (Som-pak)
Lb. plantarum has been reported to be predominant microbiota LAB in vegetables and consequently be responsible for the production of Kimchi and Chinese sauerkraut (Di Cagno et al., 2013) . The preliminary investigation of this strain to the fermented product was in fermented vegetable, also called Som-pak, which is a homemade product also available in local open markets in Thailand, particularly in north eastern Thailand. Several vegetables can be used for mixing product, such as green onion and sprouts. However, there is no control or information for the utilisation of pure starter to improve this product. Using pure culture starter with the addition of MSG would provide an improvement in the quality and nutrition of Som-pak.
The preparation of Som-pak followed a local recipe which might be a variable in a specific area of Thailand. The pure culture of Lb. plantarum L10-11 was inoculated at 10 6 CFU/g in to sample with added MSG at different concentrations (0.1, 0.3 and 1.0% w/w) compared to the ordinary variety, which did not have any pure culture. Fermentation was carried out in a closed plastic bag for 5 days. Then, four types of Som-pak were assessed for their properties (Table 1) . pH value was decreased at in a range of 3.4-3.7. The addition of MSG results in higher pH value corresponding to the high formation of GABA in Som-pak samples. Dn the other hand, acidity was decreased in the sample adding 1% MSG. Viable cells of LAB among Som-pak samples showed no significant difference to the control (12-13 logCFU/g), while adding 1% MSG gave significant higher than others.
On general, Som-pak has been eaten on a daily basis in Thailand for a long time. Ot can be used as a probiotic food. Figure 4 shows the DPPH-scavenging activity of Som-pak, expressed as VCEAC, which donates the amount in mg of vitamin C equivalent per mL of a sample. DPPH is a relatively stable free radical that has been widely used in the investigation of antioxidant activity. Ot can readily submit to scavenging by an antioxidant and gets converted into 1,1-diphenyl-2-picrylhydrazine (Loganayaki et al., 2013) . On this study, the development of DPPH scavenging activity expressed as vitamin C equivalent capacity (VCEAC) was observed during Som-pak fermentation and varies with the concentration of MSG used (Figure 4 ). However, DPPH value of all samples significant increased with fermentation time. A similar phenomenon was found by other researchers that measured the antioxidant activity of lactic acid bacteria (LAB) fermented skim milk (Abubakar et al., 2012) . Antioxidant activity of lactic acid bacteria (LAB) fermented skim milk was determined by 1,1-diphenyl-2-picrylhydrazyl (DPPH) and ferrous chelating activity (FCA). Therefore, the results indicate that Som-pak is a good candidate as a natural antioxidant for daily life.
The sensory evaluation of Som-pak inoculated with Lb. plantarum and added MSG at different concentrations was compared with control Som-pak by measuring sourness, odour, flavour, and general acceptability (Table 1) . The sensory attributes for odour, colour and umami were not significantly (p>0.05) affected by inoculation of Lb. plantarum and MSG. However, Lb. plantarum inoculation had a significant effect (p<0.05) on the sourness of the Som-pak product that added a low concentration of MSG (0.1 and 0.3%), while at 1% MSG it was the same as control. This result may correspond to the higher accumulation of GABA in Som-pak when adding 1% MSG, resulting in significantly increase of pH. The sourness of Som-pak may contribute to a lower score for general acceptability. However, there were no significant differences compared to control.
Conclusions
This study demonstrated that isolate Lb. plantarum L10-11 isolated from plaa-som has great potential for GABA production. Until now, starter cultures have not been applied to improve the quality of Som-pak. The highest GABA content for the resulting Som-pak was 4 times higher than that of control when no starter was added. On addition, there was no significant effect on the overall acceptance of the products compared with control samples. Som-pak with different GABA contents and properties can be produced depending upon the starter organisms and fermentation conditions. Research to develop starter cultures of LAB for this fermented product would enable a more controlled process and provide a product with greater consistency in terms of quality and safety. Moreover, the discovery of a LAB strain with the ability to synthesis GABA may offer new opportunities in the design of improved, health-promoting functional foods. 3.77 a 0.72 d 0.68 a 13.75 a 6.83 a 6.7 a 6.37 a 6.93 a 7.07 a 1 Scores were assigned numerical values from 1 (extremely weak) to 9 (extremely strong); 2 Values with different letters in the same column differ significantly (p<0.05). 
